Introduction
============

The World Health Organization (WHO) stated, in 2016, that more than 1.9 billion adults were overweight and more than 600 million obese ([@B69]), probably due to the radical changes of the dietary habits recorded through the past decades ([@B12]). The average daily intake of fiber in many populations is still lower than those recommended ([@B63]), although the consumers are already aware of the advantages of a healthy diet rich in dietary fiber. Indeed, numerous physiological effects have been highlighted, i.e., the prevention of coronary heart disease, type 2 diabetes, colorectal and other types of cancers ([@B22]) as well as it seems to be inversely associated with body weight due to the suppressing effect on the energy intake through increasing satiation ([@B21]). Fortification of a staple food, i.e., bread, represents a promising way to increase fiber intake. However, it is needed to be able to produce healthy, fiber-rich bakery products with an appealing texture and taste. Optimal diet rich in fiber refers at the same time to the right amount and a suitable balance between them. The production of multi-grain products makes it possible, providing more variety in breads and increasing the diversity in fermentable soluble fiber ([@B32]). The need for food companies to produce dietary fibers-enriched as well as low-calorific foods to meet the consumers requirements, is leading to investments in allocating resources in innovative foods developments. In this scenario, several scientific researches have been carried out aiming at substituting wheat flour in bread formulations ([@B59]; [@B48]; [@B56]) and toward sustainable solutions, the fortification with milling by-products has largely been proposed ([@B24]; [@B52]; [@B58]; [@B44]). Bran, the outer layers of cereal grains, is rich in dietary fiber as well as other bioactive compounds and germ is usually characterized by a high nutritional value ([@B24]). However, despite to the positive effects on health, the presence of high content of fiber in bran and lipase and lipoxygenase activities in germ may negatively affect the baked goods quality. Indeed, use of native bran in wheat baking is a technological challenge because of the detrimental effect of bran on the gluten network and subsequent textural attributes of bread ([@B40]) other than negative influence on the taste of the products. While, the lipase and lipoxygenase activities determine the poor and unstable sensory properties of baked goods made of wheat flour containing the germ ([@B43]). However, lipases are sometimes used in bakery industry as emulsifiers to increase the bread volume, soften the crumb as well as retarding bread staling ([@B14]). Thermal treatments can be used to inactivate the enzymes, however, collateral negative effects on the bioactive compounds, i.e., destruction of essential fatty acids and vitamins are often highlighted ([@B60]). Therefore, a careful selection of process to pre-treat milling by-products need to be done. Lactic acid bacteria (LAB) have already been proposed as a promising tool to overcome the sensory, structural, functional and nutritional drawbacks related to their use as ingredients in bread-making ([@B24]; [@B52]; [@B44]).

Maize (*Zea mays*) is a domesticated grass that originated in what is now Mexico. Worldwide, 60--70% of maize production is used domestically as livestock feed, and the remaining 30--40% is used for production of items for human consumption ([@B47]). Nevertheless, due to the processing wastes and the preparation of non-food products, the use of these cereals is lower than what estimated ([@B49]). Milling by-products (bran and germ), which contain most of the bioactive compounds, are often removed from the kernel prior processing thus causing a loss of nutritional quality ([@B49]).

In this study, selected LAB were used to ferment raw- and heat-treated milling by-products from maize, investigating the effects of the fermentation on their stabilization biochemical and nutritional properties. Based on the above considerations and aiming at increasing the fiber content of wheat bread valorizing food processing wastes, fermented and unfermented mixtures of maize germ and bran were used as ingredients to fortify wheat breads, evaluating biochemical and nutritional characteristics, structural properties and sensory profiles.

Materials and Methods {#s1}
=====================

Bacterial Strains, Growth Conditions and Starter Selection
----------------------------------------------------------

Aiming at investigating a wide microbial diversity, starters were selected among 100 LAB strains ([Supplementary Table S1](#SM1){ref-type="supplementary-material"}) previously isolated from matrices with different chemical composition and sharing either most of the functional compounds and anti-nutritional factors with maize milling by-products. In detail, LAB strains belonging to the Culture Collection of the Department of Soil, Plant and Food Science (University of Bari, Italy) were previously isolated from raw or spontaneously fermented wheat, quinoa, hemp, hop, and wheat germ ([@B55], [@B54]; [@B37], [@B38],[@B39]; [@B45]; [@B33]) ([Supplementary Table S1](#SM1){ref-type="supplementary-material"}). Strains were routinely cultivated on modified de Man, Rogosa and Sharpe medium (mMRS, maltose and fresh yeast extract were added to MRS at 1 and 5%, respectively, and the final pH was 5.6) until the late exponential phase of growth was reached (*ca*. 8 h), as previously determined by the analysis of the kinetics of growth ([@B55], [@B54]; [@B37], [@B38],[@B39]; [@B45]; [@B33]).

Aiming at selecting strains to be used as mixed starter for maize milling by-products fermentation, the pro-technological and functional features of LAB were evaluated when singly inoculated in their own isolation matrix (wheat, quinoa, hemp and hop flours and wheat germ). Cells were harvested by centrifugation (10,000 ×*g*, 10 min, 4°C), washed twice in 50 mM phosphate buffer, pH 7.0, and re-suspended in tap water. The DY (dough yield, dough weight × 100/flour weight) was 200 and the initial cell density of each LAB was *ca*. 7.0 log10 cfu/g. Fermentation was carried out in triplicate at 30°C for 24 h. After fermentation, samples were stored at 4°C and analyzed within 2 h. Non-inoculated doughs were used as controls. Proteolytic by means of total free amino acids (TFAA), phytase and radical scavenging (in the methanolic extract) activities were considered as functional features, however, kinetics of growth and acidification were considered as pro-technological traits.

Kinetics of growth and acidification were determined and modeled in agreement with the Gompertz equation, as modified by [@B70]: *y* = *k* + *A* exp{- exp\[(μmax or Vmax e/A)(λ-t) + 1\]}; where y is the growth expressed as log10 cfu/g/h or the acidification rate expressed as dpH/dt (units of pH/h) at the time *t*; *k* is the initial level of the dependent variable to be modeled (log10 cfu/g or pH units); A is the cell density or pH (units) variation (between inoculation and the stationary phase); μmax or Vmax is the maximum growth rate expressed as Δ log10 cfu/g/h or the maximum acidification rate expressed as dpH/h, respectively; λ is the length of the lag phase measured in hours. The experimental data were modeled by the non-linear regression procedure of the Statistica 12.0 software (Statsoft, Tulsa, OK, United States). The values of pH of doughs were determined by a M.507 pHmeter (Crimson, Milan, Italy) equipped with a food penetration probe.

Water/salt-soluble extracts (WSE) from doughs were prepared according to the method originally described by [@B42] and modified by [@B68]. Briefly, 5g of sample were suspended in 10 ml of 50 mM Tris--HCl (pH 8.8), incubated at 4°C for 1 h under stirring conditions (150 rpm) and centrifuged at 12,000 × *g* for 20 min. The supernatant was used for the determination of TFAA concentration and phytase activity. TFAA were analyzed by a Biochrom 30 series Amino Acid Analyzer (Biochrom Ltd., Cambridge Science Park, United Kingdom) with a Na-cation-exchange column (20 by 0.46 cm internal diameter), as described by [@B55]. Phytase activity was determined by monitoring the rate of hydrolysis of *p*-nitrophenyl phosphate (p-NPP) (Sigma, 104-0). The assay mixture contained 200 μL of 1.5 mM *p*-NPP (final concentration) in 0.2 M Na-acetate, pH 5.2, and 400 μL of WSE. The mixture was incubated at 45°C and the reaction was stopped by adding 600 μL of 0.1 M NaOH. The *p*-nitrophenol released was determined by measuring the absorbance at 405 nm ([@B55]). One unit (U) of activity was defined as the amount of enzyme required to liberate 1 μmol/min of *p*-nitrophenol under the assay conditions. The radical scavenging activity was determined on the ME methanolic extract (ME) of doughs. Three grams of each sample were mixed with 30 ml of 80% (vol/vol) methanol to get ME. The mixture was purged with nitrogen stream for 30 min, under stirring condition, and centrifuged at 4,600 ×*g* for 20 min. The supernatants (MEs) were transferred into test tubes, purged with nitrogen stream and stored at *ca*. 4°C before analysis. The radical DPPH^.^ was used for determining the free radical scavenging activity ([@B55]). The synthetic antioxidant butylated hydroxytoluene (BHT) was included in the analysis as the reference (75 ppm). The reaction was monitored by reading the absorbance at 517 nm.

Based on the results collected under the above conditions, the two best performing strains, *Lactobacillus plantarum* T6B10 and *Weissella confusa* BAN8, were selected and used as a mixed starter for sourdough fermentation of maize milling by-products.

Microbiological and Chemical Analysis of Milling By-Products
------------------------------------------------------------

Commercial samples of maize milling by-products, certified for mycotoxins levels (aflatoxins, zearalenone, deoxynivalenol, ochratoxin A, and fumonisin) under the thresholds defined by Reg. UE 1881/2006, Reg. UE 1126/2007, and Reg. UE 165/2010, were supplied by Molino Favero (Padova, Italy). Raw germ (RG), germ stabilized by heat-treatment (TG) and bran (B) were used in this study. The heat-treatment was carried out at *ca*. 200°C until the product temperature of 110°C was achieved. Temperature was monitored during treatment trough an RTD temperature probe (Jumo Food temp insertion RTD 902350, Sesto San Giovanni, Italy). Proximal analysis of the milling by-products prior doughs preparation was carried out.

Protein (total nitrogen × 5.7), lipids, moisture, total dietary fiber and ash of RG, TG and B were determined according to Approved Methods 46-11A, 30-10.01, 44-15A, 32-05.01, and 08-01.01 of the American Association of Cereal Chemists ([@B2]). Available carbohydrates were calculated as the difference \[100 - (proteins + lipids + ash + total dietary fiber)\]. Proteins, lipids, carbohydrates, total dietary fiber and ash were expressed as % of dry matter (d.m.).

Microbiological analyses were carried out on milling by-products as specified below. In details, 10 g of RG, TG and B were suspended in 90 ml of sterile sodium chloride (0.9%, wt/vol) solution and homogenized in a Stomacher lab blender for 2 min at room temperature. Mesophilic presumptive LAB were determined on mMRS at 30°C for 48--72 h, under anaerobiosis. Yeasts were plated on Sabouraud Dextrose Agar (SDA, Oxoid, Basingstoke, Hampshire, United Kingdom), supplemented with chloramphenicol (0.1 g/l) at 25°C for 48h. Molds were enumerated on Potato Dextrose Agar (PDA, Oxoid) at 25°C for 48 h. Total *Enterobacteria* were determined on Violet Red Bile Glucose Agar (VRBGA, Oxoid) at 37°C for 24 h and total mesophilic bacteria were determined on Plate Count Agar (PCA, Oxoid) at 30°C for 48 h.

Milling By-Products Fermentation
--------------------------------

Doughs (100 g) consisting of milling by-products mixtures and water (1:1) were obtained by an IM 58 high-speed mixer (Mecnosud, Flumeri, Italy). DY was 200. Mixtures of RG and B (ratio 2:1, FMBP~RG~) or TG and B (ratio 2:1, FMBP~TG~) were used. Doughs were inoculated with *L*. *plantarum* T6B10 and *W*. *confusa* BAN8 each at the cell density of *ca*. 7 log10 cfu/g of dough. Fermentations were carried out in triplicate at 30°C for 24 h. After fermentation, samples were stored at 4°C and analyzed within 2 h. Non-fermented doughs (MBP~RG~ and MBP~TG~) were used as controls.

Microbiological, Biochemical and Nutritional Characterization of Fermented Milling By-Products
----------------------------------------------------------------------------------------------

Lactic acid bacteria and pH values of MBP~RG~, MBP~TG~, FMBP~RG~, and FMB~TG~ were determined as reported above. Ten grams of MBP~RG~, MBP~TG~, FMBP~RG~, and FMB~TG~ were homogenized with 90 ml of distilled water for the determination of total titratable acidity (TTA). TTA is expressed as the amount (ml) of 0.1 M NaOH to reach pH of 8.3. WSE from fermented and un-fermented doughs were used for the determination of organic acids, peptides, TFAA concentrations and radical scavenging activity. Organic acids were determined by High Performance Liquid Chromatography (HPLC), using an ÄKTA Purifier system (GE Healthcare, Buckinghamshire, United Kingdom) equipped with an Aminex HPX-87H column (ion exclusion, Bio-Rad, Richmond, CA, United States), and an UV detector operating at 210 nm. Elution was at 60°C, with a flow rate of 0.6 ml/min, using H~2~SO~4~ 10 mM as mobile phase ([@B55]). The quotient of fermentation (QF) was determined as the molar ratio between lactic and acetic acids. TFAA were analyzed as reported above. For the peptides analysis, WSE were treated with trifluoroacetic acid (0.05% wt/vol) and subject to dialysis (cut-off 500 Da) to remove proteins and FAA, respectively. Then, peptides concentration was determined by the *o*-phtaldialdehyde (OPA) method as described by [@B7]. All analyses were carried out in triplicate.

Tributyrin was used as the substrate to determine the lipase activity of the MBP~RG~, MBP~TG~, FMBP~RG~, and FMBP~TG~ extract by agar diffusion assay ([@B29]). Agar plates contained 1% (wt/vol) of triglyceride, 0.02% (wt/vol) sodium azide, and 50 mM phosphate buffer, pH 8.0. As reported by [@B31], this value of pH was the optimum for maize germ endogenous lipase activity. Activity was expressed as the minimum dilution of the enzyme preparation that failed to give a detectable zone of hydrolysis after 24 h of incubation at 30°C.

Phytic acid concentration was measured using K-PHYT 05/07 kit assay (Megazyme Intl., Ireland), following the manufacturer's instructions. Total phenols and radical scavenging activity were determined on the ME of MBP~RG~, MBP~TG~, FMBP~RG~, and FMBP~TG~. The concentration was determined as described by [@B61] and expressed as gallic acid equivalent. The radical scavenging activity was determined as reported above.

Breadmaking
-----------

Experimental breads (DY, 180) were manufactured at the pilot plant of the Department of Soil, Plant and Food Science of the University of Bari (Italy), according to the two-stage protocol commonly used for sourdough breadmaking ([@B54]). MBP~RG~ and MBP~TG~ were fermented at 30°C for 24 h with the mixed starters as described before (step I); then, FMBP~RG~ and FMBP~TG~ were mixed with wheat flour, water, and baker's yeast at 60 ×*g* for 5 min with an IM 58 high-speed mixer (Mecnosud, Flumeri, Italy) and incubated for 1.5 h at 30°C (step II). The characteristics of the flour (*Triticum aestivum*, cv Appulo) used were the following: moisture, 14.2%; protein (N × 5.70), 11.5% of d.m.; fat, 1.6% of d.m.; ash, 0.6% of d.m. and total soluble carbohydrates, 1.5% of d.m. In detail, MBP~RG~ and MBP~TG~ and FMBP~RG~ and FMBP~TG~ were used at the percentage of 12.5 and 25% (wt/wt), respectively, of the total dough weight ([@B37]). At the end of step II, doughs (300 g) were baked at 220°C for 50 min (Combo 3, Zucchelli, Verona, Italy), obtaining breads fortified with raw and fermented milling by-products (MBP~RG~-B/MBP~TG~-B and FMBP~RG~-B/FMBP~TG~-B, respectively). A baker's yeast wheat bread (WB) was manufactured without the addition of milling by-products (DY, 180) and used as the control. Baker's yeast was added at the percentage of 1.5% (wt/wt), corresponding to a final cell density of *ca*. 9 log10 cfu/g in all the doughs only for the step II. Salt was not used. All breads were cooled for a period of 2 h on cooling racks at room temperature prior analysis.

The Texture Profile Analysis (TPA) of bread was carried out by means of a Universal Testing machine (model 3344, Instron, Norwood, MA, United States), equipped with 3.6 cm diameter cylindrical probe, 1000 N load cell. The chromaticity co-ordinates of the bread crust (obtained by a Minolta CR-10 camera) were also reported in the form of a color difference, dE^∗^ab, as follows:
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where dL, da, and db are the differences for *L*, *a*, and *b* values between sample and reference a white ceramic plate having *L* = 67.04, *a* = 2.44, and *b* = 18.28.

The values of pH and TTA, concentration of organic acids, TFAA, total phenols and phytic acid and radical scavenging activity were determined as reported above. The specific volume and moisture content of breads were measured determined according to the approved methods AACC 10-05.01 and 44-15.02, respectively ([@B2]). Water activity (*a*~w~) was determined at 25°C by the Aqualab Dew Point 4TE water activity meter (Decagon Devices Inc., United States). Fermentations were carried out in triplicate and each bread was analyzed twice.

Nutritional Characterization of Breads
--------------------------------------

The *in vitro* protein digestibility (IVPD) of breads was determined by the method proposed by [@B1] with some modifications ([@B53]). Samples were subjected to a sequential enzyme treatment mimicking the *in vivo* digestion in the gastro intestinal tract and IVPD was expressed as the percentage of the total protein which was solubilized after enzyme hydrolysis. The concentration of protein of digested and non-digested fractions was determined by the Bradford method ([@B4]). The analysis of starch hydrolysis was carried out on breads. The procedure mimicked the *in vivo* digestion of starch ([@B10]). Aliquots of breads, containing 1 g of starch, were undergo to enzymatic process and the released glucose content was measured with [D]{.smallcaps}-Fructose/[D]{.smallcaps}-Glucose Assay Kit (Megazyme). The degree of starch digestion was expressed as the percentage of potentially available starch hydrolyzed after 180 min. Wheat flour bread (WB) leavened with baker's yeast was used as the control to estimate the hydrolysis index (HI = 100). The predicted GI was calculated using the equation: GI = 0.549 × HI + 39.71 ([@B6]).

Sensory Analysis
----------------

Sensory analysis of breads was carried out by 10 trained panelists (5 male and 5 females, mean age: 35 years, range: 18--54 years), according to the method described by [@B19]. After a roundtable discussion about the attributes, 13 were selected as the most frequently recognized by all the members of the panel. These were included in a score sheet for the quantitative evaluation with a scale from 0 to 10, with 10 the highest score. Elasticity of crumb, softness of crumb, crust and crumb color were considered visual/kinesthetic attributes Taste was evaluated as nuts, sourness, bitterness and toasted, while for aroma was evaluated the intensity, the rancid and aromatic characteristics of mixed nuts ([@B16]). Besides, the typical aroma of a fermented dough was evaluated. According to the IFST Guidelines for Ethical and Professional Practices for the Sensory Analysis of Foods, assessors gave informed consent to tests and could withdraw from the panel at any time, without penalty or having to give a reason.

Statistical Analysis
--------------------

Data were subjected to one-way ANOVA; pair-comparison of treatment means was achieved by Tukey's procedure at *P* \< 0.05, using the statistical software, Statistica 12.5 (TIBCO Software Inc., Palo Alto, CA, United States) for Windows. Principal Components analysis was performed through Xlstat 2014 (Addinsoft, New York, NY, United States).

Results
=======

Starters Selection for Lactic Acid Fermentation
-----------------------------------------------

Lactic acid bacteria strains were singly used to ferment wheat, quinoa, hemp and hop flours and wheat germ at 30°C for 24 h. To allow the comparison between results from different food matrices, the increase (%) of TFAA concentration and phytase and radical scavenging activities, as compared to the corresponding non-inoculated doughs, were considered ([Figure 1A](#F1){ref-type="fig"}). Increases of TFAA were in the range 13--87%, being the highest for *L*. *plantarum* T6B10 and the lowest for *Lactobacillus farciminis* S3N2. Similarly, wide increase of the phytase activity was found among the LAB strains, with highest and lowest values reached when *L*. *plantarum* T6B10 (81.7%) and *Lactococcus lactis* LVS 26 (3.8%) were used, respectively. Highest value of radical scavenging activity (44.3%) were found when *L*. *plantarum* LIN 2 was used to ferment wheat flour ([Figure 1A](#F1){ref-type="fig"}). According to the pro-technological features, *W*. *confusa* BAN8 showed highest cell density increase (A~G~, 2.4 log10 cfu/g). Moreover, both *L*. *plantarum* T6B10 and *W*. *confusa* BAN8 fell into the 75 and 25% percentile of the *A*~A~ and λ~A~ and λ~G~, respectively ([Figure 1B](#F1){ref-type="fig"}).

![Boxplot showing the functional **(A)** and pro-technological **(B)** characterization of 100 strains of lactic acid bacteria belonging to the species *Lactobacillus brevis*, *Lactobacillus curvatus*, *Lactobacillus helveticus*, *Lactobacillus farciminis*, *Lactobacillus nantensis*, *Lactobacillus plantarum*, *Lactobacillus rossiae*, *Lactococcus lactis*, *Pediococcus acidilactici*, *Pediococcus pentosaceus*, *Weissella cibaria*, *Weissella confusa*, *Leuconostoc citreum*, and *Leuconostoc mesenteroides* of the Culture Collection of the Department of Soil, Plant and Food Science of the University of Bari, Italy and isolated from raw or spontaneously fermented wheat, hemp, hop, quinoa, wheat germ and bran. The increase (%) of TFAA concentration, phytase (PA) and radical scavenging (RSA) activities in wheat, hemp, hop, quinoa, wheat germ and bran (DY 200) singly inoculated with the strains and fermented for 24 h at 30°C, compared to a not inoculated dough incubated in the same conditions were considered as functional features. Panel B displays the boxplot of the acidification (*A*~A~, pH; λ~A~, h) and growth (*A*~G~, log 10 cfu/g; λ~G~, h) kinetics parameters of the strains in the above-mentioned conditions, respectively. The top and the bottom of the box represent the 75th and 25th percentile of the data, respectively. The top and the bottom of the bars represent the 5th and the 95th percentile of the data, respectively.](fmicb-10-00561-g001){#F1}

Based on the above results, *L*. *plantarum* T6B10 and *W*. *confusa* BAN were selected and used as mixed starter to ferment maize milling by-products.

Milling By-Products Characterization
------------------------------------

The proximal composition and microbiological characterization of RG, TG and B used in this study are reported in [Table 1](#T1){ref-type="table"}. The heat-treatment led to a TG having moisture four times lower than RG. Although B was also subjected to heat-treatment, its moisture was 10.6 ± 0.9%. As expected, RG and TG contained high level of fat (up to *ca*. 33% of d.m.) and B was characterized by the highest concentration of carbohydrates and especially total dietary fiber (up to *ca*. 50%). Probably due to the heat treatment, any of the microbial groups investigated were detectable in 1 g TG, however, total mesophilic bacteria and molds were detected in B at cell density ≤ 2 log10 cfu/g ([Table 1](#T1){ref-type="table"}).

###### 

Proximal composition and microbiological characterization of the maize raw (RG) and heat-treated (TG) germ and bran (B).

                                              RG               TG               B
  ------------------------------------------- ---------------- ---------------- -----------------
  **Proximal composition^∗^**                                                   
  Moisture (%)                                7.9 ± 0.3^b^     2.3 ± 0.2^a^     10.6 ± 0.9^c^
  Protein (%)                                 21.9 ± 0.2^b^    19.8 ± 0.2^a^    18.4 ± 0.6^a^
  Fat (%)                                     32.3 ± 0.3^b^    33.5 ± 0.8^c^    3.2 ± 0.1^a^
  Available carbohydrates (%)                 9.5 ± 0.9^b^     5.7 ± 0.9^a^     23.3 ± 0.9^c^
  Total dietary fibers (%)                    32.7 ± 0.8^a^    32.7 ± 0.4^a^    50.0 ± 0.8^b^
  Ash (%)                                     8.2 ± 0.4^b^     8.3 ± 0.6^b^     5.0 ± 0.2^a^
  **Microbiological characterization**                                          
  Mesophilic aerobic bacteria (log10 cfu/g)   5.3 ± 0.7^c^     \<10 cfu/1g^a^   2.0 ± 0.3^b^
  Yeast (log10 cfu/g)                         \<10 cfu/1g^a^   \<10 cfu/1g^a^   \< 10 cfu/1g^a^
  Molds (log10 cfu/g)                         4.3 ± 0.6^c^     \<10 cfu/1g^a^   1.5 ± 0.2^b^
  LAB (log10 cfu/g)                           3.5 ± 0.5^b^     \<10 cfu/1g^a^   \<10 cfu/1g^a^
  *Enterobacteriaceae* (log10 cfu/g)          2.0 ± 0.3^b^     \<10 cfu/1g^a^   \<10 cfu/1g^a^

The data are the means of three independent experiments ± standard deviations (n = 3);

∗

Data of protein, fat, carbohydrates, total fiber and ash are expressed on dry weight; LAB, Lactic acid bacteria;

a-c

Values in the same row with different superscript letters differ significantly (p \< 0.05).

Fermented Milling By-Products Characterization
----------------------------------------------

Either RG or TG and B (MBP~RG~ and MBP~TG~, respectively) were mixed before use in a ratio 2 (RG or TG) to 1 (B). MBP~RG~ and MBP~TG~ had similar values of pH and TTA, being *ca*. 6.3 and 9 ml NaOH 0.1 M, respectively ([Table 2](#T2){ref-type="table"}). However, the concentration of lactic acid was significantly higher in MBP~RG~. Acetic acid was not detectable in any of the sample prior the fermentation. Significant differences were also found for TFAA and peptides concentrations, being higher in MBP~RG~ ([Table 2](#T2){ref-type="table"}). As expected, after 24 h of fermentation with *L*. *plantarum* T6B10 and *W*. *confusa* BAN8, the value of pH of FMBP~RG~ and FMBP~TG~ was lower compared to the corresponding unfermented doughs (MBP~RG~ and MBP~TG~, respectively), with lower value in FMBP~TG~. On the contrary, values of TTA increased during fermentation, being significantly higher in FMBP~TG~ compared to FMBP~RG~. Lactic acid concentration in FMBP~RG~ and FMBP~TG~ was *ca*. 10--100 times higher than MBP~RG~ and MBP~TG~, respectively ([Table 2](#T2){ref-type="table"}). Similar trend was found for acetic acid. Moreover, FMBP~RG~ and FMBP~TG~ contained different concentrations of both lactic and acetic acids, being higher in FMBP~TG~ and FMBP~RG~, respectively. QF was determined only in the fermented samples, being *ca*. 4.7. Fermented samples (FMBP~RG~ and FMBP~TG~) had significantly higher concentrations of TFAA (up to 80%) and peptides (up to 21%) compared to MBP~RG~ and MBP~TG~. Moreover, the presence of raw germ in the mixture (MBP~RG~ and FMBP~RG~) led to higher values compared to heat-treated germ containing samples (MBP~TG~ and FMBP~TG~). As regard to the nutritional properties, MBP~RG~ contained higher contents of phytic acids as compared to MBP~TG~, however, any significant differences were found in term of total phenols. Moreover, the radical scavenging activity in the WSE, was lower in MBP~RG~. The fermentation led to a decrease and increase of the phytic acid concentration (up to 50%) and radical scavenging activity in the WSE (up to 30 times), respectively ([Table 2](#T2){ref-type="table"}). A slight increase of the concentration of total phenols was also found ([Table 2](#T2){ref-type="table"}). The minimum concentration of the crude enzyme extract that failed to give a detectable zone of hydrolysis was 35 ± 2.7 μg/ml for MBP~RG~.

###### 

Biochemical and nutritional properties of maize milling by-products doughs: MBP~RG~, unfermented mixture of raw germ and bran; MBP~TG~, unfermented mixture of heat-treated germ and bran; FMBP~RG~ fermented mixture of raw germ and bran; FMBP~TG~, fermented mixture of heat-treated germ and bran.

                                           MBP~RG~           MBP~TG~          FMBP~RG~         FMBP~TG~
  ---------------------------------------- ----------------- ---------------- ---------------- ----------------
  **Biochemical characteristics**                                                              
  pH                                       6.41 ± 0.4^c^     6.23 ± 0.5^c^    4.21 ± 0.02^b^   4.04 ± 0.01^a^
  TTA (ml NaOH 0.1 M)                      8.4 ± 0.6^a^      9.6 ± 0.5^b^     31.2 ± 0.5^c^    35.5 ± 0.3^d^
  Lactic acid (mmol/Kg)                    5.22 ± 0.2^b^     0.70 ± 0.4^a^    60.47 ± 0.6^c^   66.48 ± 0.4^d^
  Acetic acid (mmol/Kg)                    n.d.              n.d.             7.0 ± 0.6^b^     4.67 ± 0.4^a^
  QF                                       n.d.              n.d.             4.0 ± 0.2^b^     5.4 ± 0.3^a^
  TFAA (mg/Kg)                             1431 ± 12^b^      816 ± 15^a^      1905 ± 14^d^     1470 ± 20^c^
  Peptide concentration (mg/g)             38.4 ± 0.4^b^     35.3 ± 0.4^a^    46.5 ± 0.6^d^    42.1 ± 0.4^c^
  **Nutritional characteristics**                                                              
  Phytic acid (g/100 g)                    1.10 ± 0.03^c^    0.81 ± 0.02^b^   0.53 ± 0.02^a^   0.55 ± 0.04^a^
  Total phenols (mmol/Kg)                  1.6 ± 0.4^a^      1.7 ± 0.2^a^     1.8 ± 0.4^a^     2.0 ± 0.3^a^
  Radical scavenging activity (%) on ME    52.3 ± 0.3^b,c^   51.3 ± 0.7^b^    52.8 ± 0.4^c^    50.9 ± 0.3^a^
  Radical scavenging activity (%) on WSE   1.4 ± 0.04^a^     5.8 ± 0.03^b^    42.5 ± 0.3^d^    41.4 ± 0.6^c^

The data are the means of three independent experiments ± standard deviations (n = 3).

a-d

Values in the same row with different superscript letters differ significantly (p \< 0.05). WSE, Water/Salt extract; ME, Methanolic extract. Fermented milling by-products doughs (FMBP

RG

and FMBP

TG

) (DY 200) were fermented with Lactobacillus plantarum T6B10 and Weissella confusa BAN8 at 30°C for 24 h.

Biochemical and Nutritional Characterization of Breads
------------------------------------------------------

Biochemical and nutritional characteristics of breads are summarized in [Table 3](#T3){ref-type="table"}. Similar values of moisture and *a*~w~ were found between breads (MBP~RG~-B, MBP~TG~-B, FMBP~RG~-B, and FMBP~TG~-B). No significant differences were found between enriched breads and WB ([Table 3](#T3){ref-type="table"}). As expected, the values of pH, TTA and concentrations of lactic and acetic acids (up to 6 times) were lower and higher, respectively, in breads enriched with fermented milling by-products (FMBP~RG~-B and FMBP~TG~-B) as compared to MBP~RG~-B, MBP~TG~-B, and WB. Moreover, MBP~RG~-B was characterized by higher value of pH and concentrations of lactic and acetic acids as compared to MBP~TG~-B, however, the TTA did not differ significantly. Any significant differences were found in term of acetic acids between in FMBP~RG~-B and FMBP~TG~-B. According to these results, the QF was higher in fermented milling by-products containing breads. Significant higher (up to *ca*. 3 times) concentrations of TFAA were found in enriched breads as compared to WB. Among experimental breads, FMBP~RG~-B and FMBP~TG~-B contained higher (58--91%, respectively) concentration of TFAA as compared to the corresponding MBP~RG~-B and MBP~TG~-B, however, MBP~RG~-B had higher contents than MBP~TG~-B. Similar trend was found for peptides contents. Lowest content was found for WB. Higher values were found in enriched breads (24--70%) as compared to WB, however, the use of fermented milling by-products led to a higher content of peptides (up to *ca*. 30%) as compared to the corresponding un-fermented milling by-products breads. Overall, the use of RG corresponded to higher values, as compared to TG ([Table 3](#T3){ref-type="table"}).

###### 

Biochemical and nutritional properties of breads: MBP~RG~-B, containing unfermented mixture of raw germ and bran (MBP~RG~,12.5%, wt/wt); MBP~TG~-B, containing unfermented mixture of heat-treated germ and bran (MBP~TG~, 12.5%, wt/wt); FMBP~RG~-B, containing fermented mixture of raw germ and bran (FMBP~RG~, 25% wt/wt); FMBP~TG~-B, containing fermented mixture of heat-treated germ and bran (FMBP~TG~, 25% wt/wt); WB, wheat flour bread.

                                    MBP~RG~-B        MBP~TG~-B        FMBP~RG~-B       FMBP~TG~-B        WB
  --------------------------------- ---------------- ---------------- ---------------- ----------------- ----------------
  **Biochemical characteristics**                                                                        
  Moisture (%)                      32.9 ± 0.3^b^    31.9 ± 0.6^a^    32.5 ± 0.8^b^    31.6 ± 0.7^a,b^   31.0 ± 0.2^a^
  *a*~w~                            0.93 ± 0.05^a^   0.94 ± 0.06^a^   0.94 ± 0.04^a^   0.94 ± 0.06^a^    0.92 ± 0.02^a^
  pH                                5.59 ± 0.05^c^   5.46 ± 0.06^b^   4.22 ± 0.04^a^   4.17 ± 0.01^a^    5.61 ± 0.3^c^
  TTA (ml NaOH 0.1 M)               8.2 ± 0.6^a^     8.2 ± 0.4^a^     15.4 ± 0.4^b^    16.6 ± 0.3^c^     9.1 ± 0.3^a^
  Lactic acid (mmol/Kg)             1.53 ± 0.02^b^   0.76 ± 0.04^a^   25.1 ± 0.6^c^    29.2 ± 0.4^d^     3.3 ± 0.5^a^
  Acetic acid (mmol/Kg)             3.93 ± 0.05^b^   0.83 ± 0.03^a^   5.7 ± 0.5^c^     5.3 ± 0.6^c^      1.27 ± 0.3^a^
  QF                                0.4 ± 0.1^a^     0.9 ± 0.2^b^     4.4 ± 0.2^c^     5.5 ± 0.3^d^      2.6^a^
  TFAA (mg/Kg)                      214 ± 10^b^      142 ± 11^a^      338 ± 12^d^      272 ± 15^c^       134 ± 10^a^
  Peptide concentration (mg/g)      33.1 ± 0.5^b^    30.2 ± 0.4^a^    41.2 ± 0.5^d^    38.4 ± 0.4^c^     24.2 ± 0.1
  **Nutritional properties**                                                                             
  Protein (%)                       13.0 ± 0.2^b^    13.1 ± 0.4^b^    12.9 ± 0.6^b^    13.1 ± 0.3^b^     6.3 ± 0.1^a^
  Fat (%)                           5.9 ± 0.5^b^     6.5 ± 0.3^b^     5.9 ± 0.3^b^     6.5 ± 0.5^b^      0.61 ± 0.04^a^
  Available carbohydrates (%)       70.2 ± 1.7^b^    69.4 ± 1.3^b^    69.4 ± 1.3^b^    69.5 ± 0.4^b^     76.5 ± 0.9^a^
  Total dietary fibers (%)          10.9 ± 0.6^b^    10.8 ± 0.5^b^    10.8 ± 0.7^b^    10.8 ± 0.3^b^     1.87 ± 0.02^a^
  *IVPD* (%)                        48 ± 3^b^        44 ± 1^b^        72 ± 1^c^        70 ± 2^c^         39 ± 1^a^
  *HI* (%)                          93 ± 3^c^        87 ± 1^c^        82 ± 2^b^        77 ± 1^a^         100 ± 1
  Phytic acid (mg/100 g)            340 ± 4^d^       270 ± 5^c^       70 ± 4^a^        140 ± 2^b^        234 ± 6^e^
  Total phenols (mmol/Kg)           0.82 ± 0.04^a^   0.99 ± 0.03^b^   1.07 ± 0.04^c^   1.20 ± 0.02^d^    2.39 ± 0.03^e^
  Radical scavenging (%) on ME      39.4 ± 0.5^b^    53.1 ± 0.4^d^    49.8 ± 0.4^c^    58.0 ± 0.4^e^     20.3 ± 0.3^a^
  Radical scavenging (%) on WSE     16.6 ± 0.3^a^    22.4 ± 0.5^c^    31.5 ± 0.5^d^    33.7 ± 0.4^e^     18.2 ± 0.3^b^

The data are the means of three independent experiments ± standard deviations (n = 3). Data of protein, fat, carbohydrates and total fiber are expressed on dry weight.

a-e

Values in the same row with different superscript letters differ significantly (p \< 0.05). WSE, Water/Salt extract; ME, Methanolic extract. Fermented milling by-products doughs (FMBP

RG

and FMBP

TG

) (DY 200) were fermented with Lactobacillus plantarum T6B10 and Weissella confusa BAN8 at 30°C for 24 h. Doughs for breadmaking had DY 180.

The higher concentrations of TFAA and peptides in breads containing the fermented milling by-products reflected on the IVPD which was up to 70% with respect to MBP~TG~ and MBP~RG~ (*ca*. 40%). WB had the lowest IVPD, 13--23% and 79--84% higher values were found for MBP~RG~-B and MBP~TG~-B and FMBP~RG~-B and FMBP~TG~-B, respectively. Compared to WB, MBP~RG~-B and MBP~TG~-B and FMBP~RG~-B and FMBP~TG~-B were characterized by significant lower values of the HI. Moreover, up to 13% lower values of the HI were observed in FMBP~RG~-B and FMBP~TG~-B as compared to the corresponding un-fermented milling by-products enriched breads. The lowest value was found for FMBP~TG~-B (*ca*. 77%). The use of milling by-products as ingredient in breadmaking led to high fiber (up to *ca*. 11% of d.m) and protein of *ca*. (13% of d.m) contents in all breads as compared to WB, regardless the fermentation process and the germ heat-treatment.

According to the results of MBP, phytic acid content was lower in MBP~TG~-B compared to MBP~RG~-B. Lower values were found when FMBP~RG~ and FMBP~TG~ were included in bread formula ([Table 3](#T3){ref-type="table"}). Nevertheless, higher values of phytic acids were found in MBP~TG~-B and MBP~RG~-B compared to WB ([Table 3](#T3){ref-type="table"}). The presence of milling by-products in bread led to higher concentration of total phenols than WB. Values 10--34% and 45--62% higher were found in MBP~RG~-B and MBP~TG~-B and FMBP~RG~-B and FMBP~TG~-B, respectively, as compared WB. MBP~TG~-B was characterized by higher concentration of total phenols as well as higher radical scavenging in both ME and WSE as compared to MBP~RG~-B. When FMBP~TG~ and FMBP~RG~ were used to fortify the bread, higher values of radical scavenging activities (ME and WSE) and total phenols concentration were found as compared to the corresponding un-fermented samples ([Table 3](#T3){ref-type="table"}).

Structural Properties and Sensory Profile of the Breads
-------------------------------------------------------

After baking, structural and sensory analysis were carried out on MBP~RG~-B, MBP~TG~-B, FMBP~RG~-B, FMBP~TG~-B, and WB. The specific volume of the breads was influenced by the addition of milling by-products and fermentation process indeed the inclusion of milling by-products caused a decrease of the specific volume up to *ca*. 6% (MBP~RG~-B, MBP~TG~-B) as compared to WB. However, FMBP~RG~-B, FMBP~TG~-B showed higher specific volume than the corresponding MBP~RG~-B and MBP~TG~-B, respectively. Nevertheless, WB was characterized by the highest value. On the contrary, the hardness seemed to be influenced by both heat-treatment (increase) and fermentation (decrease) ([Table 4](#T4){ref-type="table"}). Compared to WB, the inclusion of milling by-products led to an increase of the hardness, however, it was lower in fermented products compared to un-fermented. Moreover, the presence of RG led to an increase of the value as compared to TG.

###### 

Structural properties of breads: MBP~RG~-B, containing unfermented mixture of raw germ and bran (MBP~RG~,12.5%, wt/wt); MBP~TG~-B, containing unfermented mixture of heat-treated germ and bran (MBP~TG~, 12.5%, wt/wt); FMBP~RG~-B, containing fermented mixture of raw germ and bran (FMBP~RG~, 25% wt/wt); FMBP~TG~-B, containing fermented mixture of heat-treated germ and bran (FMBP~TG~, 25% wt/wt); WB, wheat flour bread.

                              MBP~RG~-B        MBP~TG~-B        FMBP~RG~-B       FMBP~TG~-B         WB
  --------------------------- ---------------- ---------------- ---------------- ------------------ ------------------
  Specific volume (cm^3^/g)   2.27 ± 0.4^c^    2.29 ± 0.3^c^    2.80 ± 0.2^b^    2.70 ± 0.2^b^      2.91 ± 0.02^a^
  Resilience                  0.79 ± 0.02^a^   0.89 ± 0.04^b^   0.82 ± 0.03^a^   0.86 ± 0.03^a,b^   0.85 ± 0.04^a,b^
  Cohesiveness                0.47 ± 0.05^a^   0.48 ± 0.02^a^   0.49 ± 0.04^a^   0.49 ± 0.02^a^     0.70 ± 0.07^b^
  Gumminess (N)               24.5 ± 0.6^c^    17.1 ± 0.4^b^    38.2 ± 0.7^d^    25.1 ± 0.8^c^      7.3 ± 0.2^a^
  Chewiness (g)               1930 ± 21^c^     1530 ± 13^b^     3140 ± 26^e^     2150 ± 17^d^       825 ± 13^a^
  Hardness (g)                7720 ± 47^d^     5070 ± 35^c^     5150 ± 49^c^     3590 ± 56^b^       2890 ± 22^a^
  **Color crust**                                                                                   
  *L*                         46.3 ± 1.9^b^    42.3 ± 1.2^a^    47.3 ± 2.7^b^    42.6 ± 1.8^a^      68.1 ± 0.7^c^
  *a*                         3.2 ± 0.3^b^     5.01 ± 1.2^c^    3.6 ± 0.4^b^     5.9 ± 0.4^c^       2.5 ± 0.1^a^
  *b*                         17.4 ± 0.6^a^    17.3 ± 0.4^a^    18.7 ± 0.7^b^    18.2 ± 0.5^a,b^    23.4 ± 0.3^b^
  Δ*E*                        48.5 ± 1.2^b^    52.8 ± 0.7^c^    47.9 ± 0.6^b^    52.8 ± 0.6^c^      33.1 ± 0.5^a^

The data are the means of three independent experiments ± standard deviations (n = 3)

a-e

Values in the same row with different superscript letters differ significantly (p \< 0.05). Fermented milling by-products doughs (FMBP

RG

and FMBP

TG

) (DY 200) were fermented with Lactobacillus plantarum T6B10 and Weissella confusa BAN8 at 30°C for 24 h. Doughs for breadmaking had DY 180.

Aiming at highlighting the effect of the fermentation on the sensory profile of fiber-rich breads, MBP~RG~-B, MBP~TG~-B, FMBP~RG~-B, and FMBP~TG~-B were subjected to sensory analysis. The results are shown in [Figure 2](#F2){ref-type="fig"}. PCA, representing 88% of the total variance of the data, showed that FMBP~TG~-B and FMBP~RG~-B were both scattered on the right zone of the plane because sharing the fermented, sourness, softness and bitterness aroma and taste. On the left part of the plane, the MBP~TG~-B, MBP~RG~-B were distributed. The perception of rancidity, although with very low scores, was found in MBP~RG~-B and FMBP~RG~-B. The analysis also pointed up perfect separation between breads containing RG and TG. Attributes such as toasted, nuts and nutty were perceived, as demonstrated by PCA, only in MBP~TG~-B and FMBP~TG~-B.

![Principal Components Analysis (PCA) based on the sensory attributes of breads: MBP~RG~-B, containing unfermented mixture of raw germ and bran (MBP~RG~,12.5%, wt/wt)~;~ MBP~TG~-B, containing unfermented mixture of heat-treated germ and bran (MBP~TG~, 12.5%, wt/wt); FMBP~RG~-B, containing fermented mixture of raw germ and bran (FMBP~RG~, 25% wt/wt); FMBP~TG~-B, containing fermented mixture of heat-treated germ and bran (FMBP~TG~, 25% wt/wt). Fermented milling by-products doughs (FMBP~RG~ and FMBP~TG~) (DY 200) were fermented with *Lactobacillus plantarum* T6B10 and *Weissella confusa* BAN8 at 30°C for 24 h. Doughs for breadmaking had DY 180.](fmicb-10-00561-g002){#F2}

Discussion
==========

The growing interest of consumers in balanced nutrition, due to the increase in the number of overweight people in Western society, has refocused the food industry on the merits of including some form of dietary fiber in food products ([@B50]). Besides the well-known functional effects related to the nutrient absorption modification and the prebiotic capability, the importance of the dietary fiber is increasing due to its beneficial effects on the reduction of cholesterol levels and the risk of colon cancer ([@B28]). Health authorities, world-wide, recommend an increase of cereal derived foods in diet, since recognized as potential source of dietary fiber, especially when employed as whole grains ([@B9]). The widespread consumption of cereals all over the world and the tradition of breadmaking give bread an important position in international nutrition being a popular staple food for ages. Nevertheless, white bread, obtained by refined flour, is the most consumed type of bread. Therefore, aiming at meeting the recommendations regarding the dietary fiber intake, the development of high fiber bread could be a promising strategy. Producing fortified/enriched products without compromising their sensory appeal, seems to be a real challenge for the food industry. Indeed, the consumer wants variety, good taste but no constraints and sometime placed nutrition second in importance to taste in factors for food selection ([@B57]). Among ingredients, milling by-products (bran and germ) are considered suitable fiber sources to be used as bread ingredients ([@B20]). Nevertheless, the increase in fiber content causes several issues, such as the decrease of loaf volume and softness, and the decrease in consumer acceptability ([@B66]). Moreover, in the case of germ, a stabilization prior the inclusion in flour is strictly required to avoid oxidative rancidity ([@B30]), due to the concomitant presence of lipids and lipases ([@B65]). Maize and its milling by-products are often contaminated with mycotoxins produced by fungi of the genera *Aspergillus*, *Fusarium*, and *Penicillium* ([@B13]; [@B35]). Management of mycotoxin problems requires a multifaceted approach including preharvest and postharvest strategies ([@B41]; [@B5]) for preventing mycotoxin accumulation, and a strict control of the matrix intended for food and feed uses ([@B35]). From the nutritional point of view, besides the positive contribution of tocopherols, fiber, high quality protein, iron, zinc and vitamins ([@B36]), the abundance of anti-nutritional factors (e.g., phytic acid) characterizing milling by-products may lower the overall quality of fortified breads ([@B52]; [@B20]).

The application of the sourdough-type fermentation, involving LAB as natural or selected starters, has largely been proposed as valuable biotechnology able to solve the above mentioned technological, stabilization and nutritional problems related to the employment of cereal milling by-products as bread ingredient ([@B3]; [@B44]), allowing the exploitation of by-products generally treated as wastes. The production of value-added products from food processing wastes have gained worldwide attention ([@B67]; [@B5]) due to the economical but also environmental implications ([@B15]).

Among cereals, maize ([@B47]) is grown throughout the world and although the good nutritional profile its use as food ingredient is second to the fuel production ([@B49]). Similarly, to wheat, maize milling methods produce a variety of economically and nutritionally valuable co-products, which can be used as food ingredient ([@B36]).

This study aimed at improving the nutritional profile of wheat bread using raw- and heat-treated wastes of maize milling process fermented by selected LAB.

Apart from the moisture, RG and TG had similar proximate composition. As expected, cell density of the different microbial groups considered was in TG very low, as the consequence of the thermal process, while in RG and B samples microbial contaminations were observed, at different level. However, *Enterobacteriaceae* were not found (\<10 cfu/1 g) showing the good hygienic status of all the samples ([@B8]) meeting food quality and safety standards. Either RG or TG were combined, with B in a ratio of 2:1 according to their presence in the maize kernel (*ca*. 11 and 5%, respectively) ([@B18]), before use and characterization. Doughs were prepared (MBP~RG~ and MBP~TG~) mixing milling by-products and water in a ratio of 1:1 and fermented (FMBP~RG~ and FMBP~TG~) with two LAB strains, *L*. *plantarum* T6B10 and *W*. *confusa* BAN8, previously selected according to their pro-technological, biochemical and nutritional features (kinetics of growth and acidification, proteolytic, phytase and antioxidant activity) ([@B45]; [@B54]). Overall, MBP~TG~ was characterized by lower concentration of lactic acid, TFFA, peptide and phytic acid as compared to MBP~RG~. The partial denaturation of the endogenous proteases and the significant decrease of the resident microbiota due to the heat-treatment might explain the lower values of TFFA and peptides concentrations. Similarly, the dejection of LAB, and more in general, microbial density led to a reduction of lactic acid in the TG.

Lactic acid bacteria fermentation led, as expected, to a relevant decrease of the pH due to the synthesis of lactic and acetic acids ([@B17]). Moreover, FMBP~RG~ and FMBP~TG~ were characterized by higher concentration of TFAA compared to MBP~RG~ and MBP~TG~. Sourdough fermentation resulted in an increase of amino acid concentrations due to the proteolytic activity of sourdough LAB and endogenous proteases which have been activated under the acidic conditions of sourdough fermentation ([@B64]). TFAA and peptides concentrations were higher in FMBP~RG~ than in FMBP~TG,~ thus hypothesizing a contribution of the activity of endogenous proteases of the raw germ to the microbial proteolysis. The lower lactic acid concentration detected in FMBP~RG~ may be explained by the reduced acidification efficiency of the inoculated LAB, affected by the competition of the endogenous microbiota.

The digestibility of protein, bioavailability of amino acids and protein quality of foods can be weakened by the presence of dietary anti-nutritional factors ([@B62]). Phytic acid is an anti-nutritional factor because works as an excellent chelator of minerals, complexes the basic amino acid group of proteins, thus decreasing their dietary bioavailability ([@B11]). Fermentation with LAB contributed to create the optimal environment for phytase (myo-inositol-hexakisphosphate phosphohydrolase, EC 3.1.3.8) ([@B46]) which decreased the concentration of phytic acid, down to trace in FMBP~RG~. The optimal pH of a purified phytase from maize seedlings was 4.8 ([@B27]). The proteolysis operated by endogenous proteases and microbial peptidase during the fermentation may have led to the release of peptides with antioxidant activity, thus explaining the increase of the radical scavenging activity in the WSE in FMBP~RG~ and FMBP~TG~. Although the LAB fermentation often leads to an increase of the solubilization of phenolic compounds having antioxidant activity, due to the biological acidification and the microbial enzymatic activity (e.g., feruloyl-esterase and β-glucosidase activities) radical scavenging activity as well as in the ME and total phenols concentration FMBP~RG~ and FMBP~TG~ were not significantly different than MBP~RG~ and MBP~TG~.

Data of the biochemical and nutritional characterization of MBP~RG~, MBP~TG~, FMBP~RG~, and FMBP~TG~ were subjected to Principal Components Analysis (PCA) ([Figure 3](#F3){ref-type="fig"}). The factors explained the 98.7% of the total variance and clearly differentiated the MBP~RG~ and MBP~TG~ form the corresponding fermented FMBP~RG~ and FMBP~TG~. Indeed, the former and the latter are scattered on the left and right part of the plane, respectively. Overall, FMBP~RG~ and FMBP~TG~ seem to be characterized by a more complex profile than the corresponding MBP~TG~ and MBP~RG~, with improved nutritional features. According to the literature, maize germ contains lipases which are responsible for the fatty acid oxidation leading to unstable product with poor quality ([@B43]; [@B55]). Under this study conditions, the lactic acid fermentation was proposed as valuable alternative to heat treatment aiming at decreasing the lipase activity of maize germ. Indeed, MBP~RG~ was the only sample showing activity, however, a strong inhibition was achieved through the fermentation (FMBP~RG~). As expected, similar results were observed when the heat treatment (MBP~TG~ and FMBP~TG~) was used; however, it may have decrease of the nutritional value of maize germ ([@B43]; [@B55]).

![Principal Components Analysis (PCA) based on the biochemical and nutritional properties of the milling by-products doughs: MBP~RG~, unfermented mixture of raw germ and bran~;~ MBP~TG~, unfermented mixture of heat-treated germ and bran; FMBP~RG~ fermented mixture of raw germ and bran; FMBP~TG~, fermented mixture of heat-treated germ and bran. Fermented milling by-products doughs (FMBP~RG~ and FMBP~TG~) (DY 200) were fermented with *Lactobacillus plantarum* T6B10 and *Weissella confusa* BAN8 at 30°C for 24 h.](fmicb-10-00561-g003){#F3}

FMBP~RG~ and FMBP~TG~ were used as ingredient for the manufacture of wheat bread, whose characteristics were compared to those of breads manufactured with MBP~RG~ and MBP~TG~. Overall, the nutritional properties of white bread have been improved through the inclusion of milling by-products in the formula. However, the best improvements were observed when FMBP~RG~ and FMBP~TG~ were used. Indeed, according to the high content of organic acids in fermented samples, FMBP~RG~-B and FMBP~TG~-B were characterized by optimal QF for sensory profile ([@B34]) and acetic acid concentration, associated to the extended microbiological shelf-life ([@B23]). Improvements in TFAA and peptides concentrations, as well as the phytic acid degradation and the enhancement of the radical scavenging activity (WSE) in bread containing fermented milling by-products, were also found. According to the literature, when dietary fiber is used in breadmaking, the loaf volume and shelf-life are often compromised. Bran is the main responsible for the weak structure and poor baking quality (low bread volume and elasticity of crumb) in fiber enriched bread ([@B23]). These effects on the dough structure are due to the dilution of the gluten network, which in turn impairs gas retention rather than gas production. Thus, the supplementation of dietary fiber requires changes in processing techniques to produce baked goods with good consumer quality. The sourdough was proposed as strategy to overcome the downsides in breadmaking due to the high fiber contents ([@B23]; [@B44]). Under these study conditions, the specific volume and the hardness of FMBP~TG~-B and FMBP~RG~-B were higher and lower, respectively, than the corresponding MBP~TG~-B and MBP~RG~-B corroborating the previous findings ([@B23]; [@B26]; [@B52]).

High fiber content ([@B51]) was achieved including milling by-products in bread, however, the fermentation with LAB positively affected other nutritional features, i.e., IVPD and HI, leading to a bread with high nutritional profile. High protein content and digestibility was achieved when fermented milling by-products were used to fortify wheat bread. A high content of protein (*ca*. 13% of d.m.) as well as values of IVPD up to *ca*. 60% were observed. The latter were mainly due to the intense proteolysis operated by endogenous and microbial enzymes ([@B44]). The predicted GI was also investigated, through the study of the starch hydrolysis kinetic *in vitro* conditions. Due to the biological acidification, lactic acid bacteria fermentation can be used to decrease the starch hydrolysis during digestion ([@B10]). Indeed, FMBP~RG~-B and FMBP~TG~-B showed lower values as compared to the corresponding (MBP~RG~-B and MBP~TG~-B).

The sensory acceptability of the breads was assessed by a panel test, and although all breads were appreciated, those containing fermented milling by-products showed a more balanced profile. Moreover, breads fortified with FMBP~RG~ and FMBP~TG~ were characterized by acidic aroma and taste typical of sourdough breads ([@B25]).

The results of this study demonstrate that fermentation with LAB led the improvement of nutritional properties of maize milling by-products through the increase of free amino acids, peptides concentrations and antioxidant activity, and the decrease of the antinutritional phytic acid. Fermentation also caused the chemical stabilization of the by-products through the inhibition of the lipase activity, thus suggesting an alternative use to heat-treatment which often impair the nutritional profile of germ.

Conclusion
==========

This study demonstrates the potential of fermentation to convert maize bran and germ, commonly considered food wastes, into nutritive improvers, meeting nutritional and sensory requests of modern consumer. The fortification of wheat bread with maize milling by-products allows the increase in dietary fiber and proteins compared to a conventional wheat bread. When fermented, milling by-products also conferred to fortified bread the advantages commonly related to the sourdough fermentation, such as the increase of the protein digestibility, the decrease of the starch hydrolysis, the degradation of phytic acid. Moreover, LAB fermentation as pre-processing treatment positively affects the textural properties and the sensory profile of the breads.
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